Abstract.-Earlier studies of PL in a-Si:H have shown two resolved bands near 0.9eV and 1.3eV. with strength and peak position dependent on sample preparation. By following the spectral dependence of ODMR in a wide range of glowdischarge (gdl and sputtered (spl samples. we have shown that the 1.3eV emission has contributions from two distinct components, one of which, near 1.25eV. is associated with pair recombination, and another, near 1.4eV, which shows quenching ODMR signals only, and may be due to excitonic emission. The quenching resonances are identified as electrons and holes occupying tail states, which participate in non-radiative recombination. The 1.25eV emission and 0.9eV emission are both associated with a resonance near g = 2.006, suggesting a radiative dangling bond. The peak energy of these pair emissions is primarily determined by the nature of the hole centre involved.
Introduction.-The technique of ODMR presents an ideal method for investigating radiative recombination in amorphous semiconductors and other materials where broad luminescence bands are observed. The experimental method of OOMR is discussed in detail elsewhere (11, but briefly. the technique monitors the effect of ESR absorption on steady state photoluminescence. If spin-dependent recombination is involved (as is generally the casel, it is possible to identify the emitting centres by their ODMR data, and to resolve the distinct components of a broad luminescence band by measuring the spectral dependence of the OOMR signals. This paper reports the result of an ODMR comparison of undoped, sputtered [spl and glow-discharge (gd) a-Si:H, using a Ge detector which covers the PL spectral range from 0.7eV to 2.0eV.
We identify three main luminescence components in all gd and sp samples examined: a possible excitonic component near 1.4eV end pair bands near 1.25eV and 0.9eV where the radiative electron centre is the dannlinn bond. 
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Results.-The PL s p e c t r a o f two t y p i c a l samples -one sp [ S h e f f i e l d l a n d one gd (Oundeel-a r e i l l u s t r a t e d i n f i g . l a .
There a r e s i x major OOMR l i n e s observed i n these samples a t 2K. which can be i n d i v i d u a l l y r e s o l v e d by c a r e f u l choice o f measuring parameters -i.e. l a s e r power, s p e c t r a l bandpass, microwave power and chopping frequency.
F i g . 2a shows t h e two quenching resonances (resonant decreases i n IpL). which were a l s o r e p o r t e d by Biegelsen e t a1 ( 2 ) and Morigaki e t a1 (31, i s o l a t e d a t a PL energy o f 1.4eV. and by u s i n g e x c i t a t i o n d e n s i t y Pex 4 1 m W cmm2.
The g-values o f these s i g n a l s a r e g = 2.005 and g -2.01, which i d e n t i f i e s them as due t o e l e c t r o n and h o l e t a i l states, r e s p e c t i v e l y (41. I n t h e c e n t r a l PL region, near 1.2eV, a t PBX 4 100 m W ~m '~, a narrow enhancing (El) resonance i s observed near g = 2.006, c l o g 8 t o t h a t o f t h e d a n g l i n g bond, t o g e t h e r w i t h a broad component a t g 2.0 (E2) (AHFWHm 4 15 mT). Another g = 2.0 [E3) resonance i s a l s o commonly observed, which has l i n e w i d t h 2-3 mT. F i n a l l y , i n t h e 0.9eV region, t h e enhancing resonances can be deconvolved i n t o a g = 2.006 (El) resonance, e x p e r i m e n t a l l y i n d i s t i n g u i s h a b l e from t h a t l i n k e d t o t h e 1.25eV emission; and a g = 2.01 [Eq) resonance, which i s v e r y s i m i l a r t o t h e g = 2.01 quenching resonance as regards g-value and l i n e w i d t h .
These c h a r a c t e r i s t i c resonances have been observed i n all
samples examined, although t h e r e l a t i v e s i g n a l i n t e n s i t i e s vary considerably w i t h sample preparation.
The s p e c t r a l dependence o f t h e resonances i s obtained by s e t t i n g t h e magnetic f i e l d t o t h e peak o f an OOMR l i n e , and scanning t h e monochromator over t h e PL emission, t o e x t r a c t t h a t s e c t i o r l o f t h e PL which i s l i n k e d t o t h e OOMR centre. Fig. I b shows t h e s p e c t r a l dependence o f t h e quenching resonances f o r t h e chosen sp and gd samples.
The s p e c t r a l dependence i s very s i m i l a r f o r b o t h samples. peaking near 1.4eV.
However, t h e s p e c t r a l dependence o f t h e El [ g = 2.006) ODMR signal, shown i n f i g . 2c. shows a v e r y d i f f e r e n t behaviour i n t h e two m a t e r i a l s . I n t h e gd sample, t h e s p e c t r a l dependence peaks near 1.25eV, w i t h a s m a l l shoulder near 0.9eV.
I n t h e sp sample, on t h e o t h e r hand, t h e r e i s h a r d l y any 1.25eV component -t h e major c o n t r i b u t i o n comes f r o m 0.9eV. C l e a r l y t h i s r e s u l t s from a b a s i c d i f f e r e n c e i n t h e recombination c e n t r e d i s t r i b u t i o n s o f these samples. W e s h a l l now consider t h e p o s s i b l e models which describe t h e DOMR r e s u l t s . Geminate Model.-The geminate pair model was originally applied to OOMR in a-Si:H by Biegelsen et a1 (2) . These authors explained the quenching OOMR lines as characteristic of a geminate pair, where singlet spin memory on optical excitation is conserved, and where thermalization is negligible (see fig. 3al . Microwave resonance at either the hole or the electron centre causes a transfer of spins from the radiative singlet states to the triplet states, which are assumed to recombine non-geminately [2) . Thus the pair of quenching OOMR lines can be accounted for on this basis. The main objection to this model is that the restrictions required for the description (no thermalization, singlet spin memory) enable a calculation of the transient response of the system to microwave application. We have recently carried out an investigation of the ODMR transient signals, which supports a pair recombination model rather than the geminate scheme, for the OOMR quenching resonances. Thus we shall describe the OOMR signals in terms of a pair recombination scheme.
Pair model.-Morigaki et a1 (3) first described the preliminary OOMR measurements on the high energy (> l.leV) side of the PL, using a pair description, which is summarized in fig. 3b . On the pair model, recombination occurs at localized defects which are sufficiently well separated for spin correlation to be weak. Thus recombination of singlet I f + ) and triplet ( 4 4 ) pairs proceeds at different rates [Rs>Rtl. Carrying out a resonance at an unthermalized pair always leads to an increase in the pair recombination rate, since before resonance nsRS = ntRt ( fig. 3b ). and spins are transferred at resonance from the triplet states to the faster recombining singlet states. If the centres are engaged in a nonradiative process, then a decrease in the PL should be observed at resonance3 if the centres are radiative, then a net increase of the associated PL band is observed. Thus on the pair model, tail states, which give rise to quenching OOMR signals, recombine non-radiatively (or at energies less than 0.7eV, our detection limit). The 1.4eV region shows no enhancing OOMR signals characteristic of pair emission -this region is possibly associated with exciton recombination. The 1.25eV region is described by pair recombination between g = 2.006 electron centres and the g = 2.0 hole centres. while the 0.9eV region is also assigned to radiative pairs: g = 2.006 electron centres and g = 2.01 hole tail states. The recombination scheme is summarized in fig. 4 .
Identification of the radiative electron centres.-The identification of the g = 2.006 centre is controversial, since this centre participates in both 0.9eV and 1.25eV transitions. From its g-value it is clearly implied that the centre is a dangling bond. In fact, Street ( 4 ) has recently argued that the electron centre responsible for the 0.9eV emission is the dangling bond. The OOMR results support this conclusion. and imply that the 0.9eV radiative hole centre is the g = 2.01 tail state (also in agreement with Street (4)). However, the inference from the strong g = 2.006 resonance observed in the 1.25eV region is that the dangling bond is involved in the strong, highly efficient PL associated with high n p~ a-Si:H. While this would at first sight appear inconsistent with the evidence of ESR, which shows an inverse correlation between the OB spin density and n p~, such is not the case. In fact, if the 0.9eV emission process is faster than the 1.25Ev emission shown.]
I NIO f o r a g i v e n p a i r separation, then a wide v a r i e t y o f data, i n c l u d i n g temperature dependence o f t h e PL and t h e e f f e c t o f doping, can be c o n s i s t e n t l y explained. The essence o f t h e argument i s t h a t i f t h e dangling bond c o n c e n t r a t i o n i s low (% \,095 spins ~m -~l , then a t low temperatures t u n n e l l i n g o r d i f f u s i o n o f e l e c t r o n s among t h e dangling bond network w i l l be n e g l i g i b l e , and t h e p a r t i c u l a r PL band observed (0.9eV or 1.25eVl w i l l depend on t h e r e l a t i v e concentrations of t h e g = 2.01 and g = 2.0 h o l e centres (see f i g . 41.
The e f f e c t o f adding l a r g e numbers of dangling bonds i s t o b r i n g t h e DB p o p u l a t i o n c l o s e r t o t h e h o l e centres -hence d i s t a n t p a i r recombination i s suppressed and recombination occurs v i a c l o s e p a i r s . This s i t u a t i o n favours t h e recombination processes which a r e i n t r i n s i c a l l y f a s t e r (1.e. n o n -r a d i a t i v e e l e c t r o n t u n n e l l i n g t o nearby g = 2.005 t a i l states, and 0.9eV luminescencel. Thus i n c r e a s i n g t h e dangling bond c o n c e n t r a t i o n b r i n g s about a f a l l i n t o t a l quantum e f f i c i e n c y , a predominance o f t h e 0.9eV emission. and a drop i n PL l i f e t i m e , i n agreement w i t h observation (51.
S i m i l a r l y , s i n c e doping w i t h P o r B appears t o increase t h e numbers o f dangling bonds (61, an analogous r e s u l t should occur i n doped a-Si:H. which a l s o agrees w i t h experiment (7).
I t may be argued t h a t a t t h e low concentrations o f dangling bonds (* ~m -~) observed by EPR i n h i g h qpL samples, s a t u r a t i o n o f t h e PL should occur a t very low e x c i t a t i o n d e n s i t i e s .
The c h a r a c t e r i s t i c behaviour o f saturated p a i r recombination (e.g. s u b l i n e a r dependence o f PL i n t e n s i t y on e x c i t a t i o n density, and bimolecular recombinationl has indeed been observed i n a-Si:H (81,(51, although t h e authors of these r e p o r t s propose a l t e r n a t i v e explanations.
I n sutmnary, t h e r e s u l t s o f ODMR can be explained i n terms o f t h r e e independent PL processes -an e x c i t o n i c r e g i o n peaking near 1.4eV i n t h e steady state, a p a i r recombination near 1.25eV which i s strongest i n gd samples, and a p a i r emission near 0.9eV.
Nonradiative recombination occurs through t h e e l e c t r o n and h o l e t a i l s t a t e a t g = 2.005 and g = 2.01.
The dangling bond i s considered as a r a d i a t i v e c e n t r e which can p a r t i c i p a t e i n b o t h 0.9eV and 1.25eV emissions.
The i d e n t i t y of t h e h o l e c e n t r e i s t h e major f a c t o r i n determining t h e recombination energy. I t i s noted t h a t a wide v a r i e t y o f data from o t h e r experimental techniques i s c o n s i s t e n t w i t h t h i s i n t e r p r e t a t i o n .
